Abstract In rheumatoid arthritis (RA), hematopoietic progenitor cells (HPC) have ageinappropriate telomeric shortening suggesting premature senescence and possible restriction of proliferative capacity. In response to hematopoietic growth factors RA-derived CD34 + HPC expanded significantly less than age-matched controls. Cell surface receptors for stem cell factor (SCF), Flt 3-Ligand, IL-3 and IL-6 were intact in RA HPC but the cells had lower transcript levels of cell cycle genes, compatible with insufficient signal strength in the ERK pathway. Cytokine-induced phosphorylation of ERK1/2 was diminished in RA HPC whereas phosphorylated STAT3 and STAT5 molecules accumulated to a similar extent as in controls. Confocal microscopy demonstrated that the membrane-proximal colocalization of K-Ras and B-Raf was less efficient in RA-derived CD34 + cells. Thus, hyporesponsiveness of RA HPC to growth factors results from dampening of the ERK signaling pathways; with a defect localized in the very early steps of the ERK signaling cascade.
Introduction
Rheumatoid arthritis (RA) is a prototypic autoimmune disease in which chronic inflammation of the synovium leads to irreversible joint damage. Joint inflammation is associated with a systemic inflammatory syndrome, acceleration of atherosclerosis, and shortening of life expectancy. Signaling and effector pathways involving components of both the innate and adaptive immune system have been implicated in the pathophysiology of RA as well as in the cluster of associated immuneinflammatory conditions, i.e. coronary artery disease and lymphoma susceptibility [1] . A common denominator in RA immunobiology is that of a premature immune senescence phenotype with accelerated telomeric attrition, a surrogate marker for cellular aging [2] . Age inappropriate telomeric shortening in RA is found not only in lineage committed immune cells but also in their progenitors [3] .
The daily production of billions of blood cells is essential to maintain the integrity of the human hematopoietic system. Hematopoietic stem cells, the best-characterized type of adult stem cells, give rise to all blood cell lineages [4] . In humans, these cells are contained within the subset of CD34 + hematopoietic progenitor cells (HPC). Functionally, a strict regulation of HPC cell cycle entry and proliferation is required to maintain homeostasis, with HPC proliferation being under tight control of hematopoietic cytokines [5] .
In RA, the frequencies of bone marrow and circulating CD34 + HPC are reduced [3, 6, 7] , the median apoptotic index of early bone marrow myeloid precursors is significantly higher than in controls [6, 8] and their proliferative activity is impaired [3, 7] . These defects seem to be independent of disease activity, severity or the chronic use of immunosuppressive drugs [3, 7] . Factors related to the depletion of circulating HPC in RA include a reduced bone marrow reserve, increased HPC attrition [7] and a "pseudo-reduction" secondary to relocation of HPC to peripheral tissues [9] . Reduced colony formation by highly purified RA CD34 + cells may be linked to an intrinsic defect in the clonogenic potential of RA progenitors; the molecular pathways responsible for this abnormality remain undetermined.
Herein, we explored mechanisms that underlie the impairment of HPC proliferation following activation with synergistic cytokines. We found that the HPC surface expression of membrane receptors that initiate cytokine induced-intracellular signaling is well maintained. To assess signal transduction cascades that originate from hematopoietin receptor activation, the accumulation of phosphorylated extracellularsignal activated kinase (pERK1/2) and signal transducer and activator of transcription (pSTAT3 and pSTAT5) were quantified. Findings of reduced pERK accumulation in RA CD34 cells lead to explorations of proximal signaling events, which demonstrated defects in RAS/RAF clustering into the signalosome.
Patients and methods

Study subjects
The Institutional Review Board approved the study, and all participants provided written informed consent. Fifty milliliters of blood was collected, coded, and those who performed the experiments were not aware of the disease/control status of the subjects from whom the samples were obtained.
Samples from one hundred and seven consecutive adult patients attending the Rheumatology Clinic with the diagnosis of seropositive RA (American College of Rheumatology 1987 revised criteria) were studied. The study protocol required that the patients had unequivocal evidence for rheumatoid factor with levels higher than 40 units/ml (measured by nephelometry) considered positive. Patients were accepted for enrollment if previous autoantibody testing was documented in the records. Most of the patients enrolled into the study were participants in the CLEAR registry [10] . As previously reported, 85-87% of patients enrolled in the CLEAR cohort have positive anti-CCP antibodies and more than 96% are positive for rheumatoid factors. More than 80% of CLEAR patients are positive for both autoantibodies. One hundred and three demographically matched healthy volunteers (controls) were enrolled. Pregnancy, history of cancer, sarcoidosis, active or chronic infection, and crystal arthropathy were exclusion criteria.
The demographic characteristics of RA patients and healthy controls as well as the clinical characteristics of the patients are summarized in Supplementary Table 1. As  CD34 + HPC represent a low-frequency population not all phenotypic and functional experiments were performed in each sample. The demographic features of patients and controls from each experimental set were matched and did not differ between different experimental groups.
CD34
+ cells isolation 
Carboxyfluorescein succinimidyl ester (CFSE) fluorescent dye labeling
Freshly isolated CD34 + cells were stained with CFSE and expanded for 4 days in a defined medium for hematopoietic cells (StemSpan H3000; StemCell Technologies, Vancouver, BC, Canada) supplemented with Flt 3-Ligand (Flt 3-L, 100 ng/ ml), stem cell factor (SCF, 100 ng/ml), interleukin-3 (IL-3, 20 ng/ml), and IL-6 (20 ng/ml) (StemSpan CC100; StemCell Technologies). At day 4, the percentage of CD34 + cells within different generations was compared between patients and controls.
Flow cytometric detection of cell surface cytokine receptors
The expression of IL-3 receptor alpha and beta subunits, c-Kit (SCF receptor), Flt 3 (Flt 3-L receptor) and IL-6 receptor alpha and gp130 subunits on the cell surface of purified CD34 + was determined by flow cytometry (BD LSRII; Becton Dickinson Co, Mountain View, CA). CD34 + cells were first treated with Fc receptor blocking reagent (Miltenyi Biotec) and subsequently incubated with an immunoglobulin (Ig) isotypematched control or a monoclonal antibody specific for the receptor [fluorescein isothiocyanate (FITC)-anti-CD123 (Miltenyi Biotec), phycoerythrin (PE)-anti-CD131 (eBioscience, Inc, San Diego, CA), allophycocyanin (APC)-anti-CD34, PE-anti-CD117, PE-anti-CD135, PE-anti-CD130 and Alexa Fluor 488 labeled anti-CD126 -all from BD Biosciences]. Data were collected and analyzed using FlowJo software gating specifically on cells that expressed the CD34 surface marker.
Flow cytometric detection of intracellular phospho-protein expression (phosphoflow)
Healthy control and RA samples were run in pairs to decrease the interexperiment variation. In each experiment, controls and patients were matched for age +/− 3 years. Isotype controls were used to account for nonspecific phospho-antibody binding ( Supplementary Fig. 1A ). Unstimulated samples stained with the phospho-specific antibodies were used as negative controls to assess changes in phospho-epitope expression. For validation of the specificity of the ERK1/2 phospho-antibody in HPC, CD34 + cells were preincubated with 10 μM of the MEK inhibitor U0126 for 30 min prior to cytokine stimulation ( Supplementary  Fig. 1B) . Kinetics of protein phosphorylation by reverse time course were performed to ascertain the optimal stimulation time ( Supplementary Fig. 1C ). Baseline (unstimulated) and postcytokine activation phosphorylation states of ERK1/2, STAT3 and STAT5 were determined by single-cell phosphoprotein analysis by flow cytometry (phosphoflow) using a previously described procedure with modifications [11] . Aliquots of each sample were either kept unstimulated or treated with a cytokine cocktail composed by rh Flt 3-L (100 ng/ml), rh SCF (100 ng/ml), rh IL-3 (20 ng/ml) and rh IL-6 (20 ng/ml) (Stem Cell Technologies) for a previously established optimal stimulation time. Cells were fixed with 4% paraformaldehyde (Fixation Buffer, BD Cytofix, BD Biosciences) for 10 min at 37°C, washed twice and permeabilized with ice-cold 70% methanol (Perm Buffer II, BD PhosFlow, BD Biosciences) for 30 min, and stained with surface and phosphospecific antibodies (all from BDPharmingen, San Diego, CA): mouse anti-human CD34:APC, anti-phospho-ERK1/2 (T202/Y204):PE, anti-Phospho-Stat3 (Y705):Alexa Fluor 488, anti-phospho-Stat5 (Y694):PE. Flow cytometry was performed on a BD LSRII flow cytometer. After acquisition, data were analyzed using FlowJo software gating specifically on cells that expressed the CD34 surface marker to generate MFI values for each phosphoprotein ( Supplementary  Fig. 1 ).
RT-PCR
Total RNA from CD34 + HPC was extracted with TRIzol, and cDNA was synthesized with AMV-reverse transcriptase (Roche) and random hexamers (Roche). PCR was performed with 200 nM of sense and anti-sense primer using a Stratagene Mx3000P (Agilent Technologies, Cedar Creek, TX); 3 mM MgCl2, 0.2X SYBR Green; and 0.75 U Platinum Taq (Invitrogen, Carlsbad, CA). Gene primer sequences are shown in Supplementary Table 2 . Copy numbers were calculated by comparing each sample with a standard curve generated by purified PCR products and serial dilutions. The samples copy numbers were adjusted to β-actin expression. 
Ras/Raf colocalization
Statistical analysis
For quantitative variables, differences between groups were analyzed by Mann-Whitney U test or paired T-test as appropriate. The significance of differences between categorical variables was determined by chi-square analysis. With the exception of Fig. 1D , data are presented as scattered dot plots with lines representing the median. In Fig. 1D , means and SEM are shown. Statistical analysis and graphics were performed using STATA/SE version 8.0 and GraphPad Prism version 5 software respectively.
Results
Reduced proliferative capacity of RA CD34 + HPC
Regulation of HPC proliferative capacity is a critical component in the homeostatic control of the hematopoietic system. Growth factors are required for the survival and proliferation of hematopoietic cells at all stages of development. Flt 3-L, SCF, IL-3, and IL-6 are early acting hematopoietins that synergistically stimulate the proliferation and differentiation of HPC [12] . In aged hematopoietic progenitors, proliferative defects result in inadequate ability to cope with the demands of blood production and alter lineage-commitment [13, 14] . Since features of premature immune senescence affect the RA immune system [2, 15] , we examined whether premature aging also involves the RA HPC compartment. Hematopoietininduced HPC proliferative responses were evaluated in RA and matched controls by CFSE assay (Fig. 1A) . The percentage of cells that performed 1 to N4 cell cycles within 96 h of cytokine activation were measured as shown in Fig. 1B . Four days after stimulating with a cocktail of four hematopoietic growth factors (SCF, Flt 3-Ligand, IL-3, IL-6), almost all control CD34 + cells had entered the cell cycle. In contrast, in more than half of the patients a portion of CD34 cells failed to respond to hematopoietic growth factors and remained undivided (p= 0.04) (Fig. 1C) . Not only cell cycle entry but also progression was impaired in RA HPC with a higher frequency of patients' CD34 cells performing only one and two divisions in contrast to control HPC that mostly achieved four or more cycles (Fig. 1D ).
Intact expression of cell surface growth factor receptors
Since cellular responsiveness is largely determined by the regulated expression of ligand-specific receptors [16] , we examined whether the reduced proliferative response of RA HPC was linked to altered expression of cytokine receptors. The basal expression of IL-3 receptor alpha (CD123) and beta (CD131) subunits, IL-6 receptor alpha (CD126) and beta (CD130) subunits, SCF receptor (c-Kit = CD117) and Flt 3 (CD 135) on CD34 + cells was assessed by flow cytometry (Fig. 2) . The frequency of cells expressing each of the different hematopoietin receptor subunits as well as the mean fluorescence intensity (MFI) of those receptors on CD34 + cells was similar in RA and controls.
Reduced expression of ERK-transcriptional targets involved in proliferative responses of RA HPC
To understand why RA HPC responded less vigorously to growth factor signals we analyzed signaling pathways that regulate HPC proliferation. Binding of hematopoietic growth factors to HPC essentially triggers ERK and STAT signaling cascades. ERK directly activates c-Myc, which by upregulating all three D-cyclins impacts the cell cycle machinery and maintains the proliferation and expansion of HPC [17, 18] .
Pilot experiments screening RA and control CD34 + cells by microarray analysis showed that the expression of c-Myc was down-regulated in RA. Transcript levels for c-Myc and its effectors (Cyclin D1, D2 and D3) were quantified in freshly isolated HPC by real time PCR. c-Myc-specific transcripts were markedly reduced in RA HPC (Fig. 3) . Cyclin D1 mRNA was expressed at low abundance in both control and RA HPC. The c-Myc-dependent cell cycle regulators Cyclin D2 and D3 were detected in cells from controls and patients but mRNA levels were significantly decreased in RA HPC (Fig. 3) .
Decreased ERK phosphorylation in RA CD34
+ cells
In CD34 cells binding of SCF and Flt 3-L induces rapid phosphorylation of the Ras/Raf/MEK/ERK signal transduction cascade, whereas IL-3 elicits activation of the STAT5 pathway and IL-6 activates the STAT3 pathway [19] [20] [21] [22] [23] . To interrogate and compare cytokine evoked signaling responses in CD34 cells we used phosphospecific flow cytometry (Supplementary Fig. 1 ). The involvement of MEK-specific activation of the pERK response in HPC was confirmed by exposing primary samples to a MEK inhibitor prior to cytokine stimulation, which abrogated pERK response ( Supplementary Fig.  1B ). To define optimal stimulation times, kinetics of ERK phosphorylation were assessed in RA and controls HPC by reverse time course following IL-3, IL-6, Flt 3-L, and SCF activation ( Supplementary Fig. 1C ). HPC phosphorylation states of ERK1/2 were tested at baseline and maximal activation (10 and 15 min post-cytokine stimulation) in 12 RA and control pairs. At all three time points, the levels of pERK in CD34 + cells were significantly lower in RA patients (Figs. 4A-C) . 
STAT3 and STAT5 tyrosine phosphorylation is preserved in RA HPC
To examine whether the functioning of intracellular signaling networks was broadly impaired in RA HPC or whether the defect in accumulating pERK was pathway-specific, we assessed cytokine-induced phosphorylation of STAT3 and STAT5 proteins [24] . STAT3 and STAT5 phosphorylation kinetics were determined in RA and control HPC by reverse time course following IL-3, IL-6, Flt 3-L, and SCF activation. Baseline and maximal activation (10 and 20 min postcytokine stimulation) of pSTAT3 and STAT5 were tested in HPC from 12 RA and control pairs (Fig. 5) . Results demonstrated that the activation of the STAT pathway was intact in RA HPC (Figs. 5A-F) . Baseline pSTAT3 was higher in RA HPC (Fig. 5A) , suggesting ongoing STAT3 activation even under resting conditions.
Defects in MAPK pathway proximal signaling events
To further localize the defect leading to insufficient ERK phosphorylation, we analyzed proximal events responsible for the activation of the MAPK pathway. Following cytokine-receptor interaction, GTP bound active Ras recruits Raf to the cell membrane with Ras/Raf spatial interactions being a prerequisite for MAPK pathway activation. Among the four Ras isoforms, K-Ras is localized exclusively to the plasma membrane and does not participate in signaling from intracellular compartments such as endosomes or the Golgi complex. In addition K-Ras is the isoform that most efficiently activates Raf [21, 25] . Among the Raf family members, B-Raf is the stronger inducer of the Raf/MEK/ERK cascade [26] . We analyzed K-Ras/B-Raf colocalization in resting and cytokine activated CD34 + cells by confocal microscopy (Fig. 6A) . Baseline Ras/Raf colocalization did not differ between RA and controls and in both groups increased following activation. However, cytokine-induced Ras/Raf colocalization in RA CD34 was significantly lower than that in HC (Fig. 6B) . Following receptor ligation Ras-GTP is immobilized in membrane microclusters to then recruit B-Raf to the membrane [27] . Thus, the impairment in Ras/Raf colocalization in RA HPC implicates a membrane-proximal event in the defective ERK phosphorylation.
Discussion
The pathognomonic lesions of RA are localized in the synovial membrane supporting the classical paradigm that recognition of an arthritogenic antigen initiates and sustains inflammation. Yet cellular and molecular abnormalities broadly affect the immune system of RA patients, including immune cell populations that have never been involved in antigen-specific immune responses. The principle of system-wide immune abnormalities is exemplified by the concept that RA patients have premature immune senescence with several phenotypic and functional defects recapitulating changes otherwise present in the healthy immune system of much older individuals [28, 29] . Here we add support to the notion that prematurity of immune aging broadly affects the immune system of RA patients, including the hematopoietic progenitor cells that give rise to all lineages of myeloid and lymphoid cells. Specifically, HPC isolated from RA patients are hyporesponsive to hematopoietic growth factors and fail to expand appropriately. This defect appears specifically connected to the ERK signaling pathway, a signaling cascade critically involved in cell cycle entry and progression of progenitor cells. Data reported here extend the spectrum of molecular abnormalities of RA HPC which have previously been reported to have age-inappropriate erosion of telomeres [3] and emphasize a potentially important role of the bone marrow in the tolerance defect that characterizes RA.
Insufficient cellular expansion of HPC, dampened ERK phosphorylation and diminished production of c-myc are all consistent with a proliferation defect seen in senescent cells. The proliferative and regenerative capacity of human HPC diminishes with advancing age, a loss-of-function that has been implicated in the decreased disease-free survival of bone marrow recipients transplanted with grafts from aged donors [14] . In RA, similar to aged donors, HPC resist entering the cell cycle and are delayed in their progression through subsequent cell divisions. Precocious aging of HPC has a number of implications for the patients including insufficiency of regenerating hematopoietic cells. Considering the daily turnover of blood cells, it would be expected that RA HPC proliferative defects may adversely affect immune regeneration contributing to cytopenias (anemia and, less frequently, to neutropenia).
Experiments presented here were designed to address the underlying molecular defect of the sluggish proliferative response of the RA HPC. Analysis of mice in which spontaneous or engineered mutations prevent the appropriate expression of cytokine receptors or their intracellular signals [30] have unequivocally confirmed an indispensable physiological role for cytokine action in hematopoietic stem cell regulation. Substantial defects in the numbers or function of stem cells are clearly evident in mice lacking signals from TPO, SCF, IL-6 or LIF, with redundancy in the actions of these cytokines assuring hematopoietic stem cells homeostasis [31] [32] [33] . In RA HPC, the frequency of IL-3, IL-6, SCF and Flt 3 receptors and their density on the cell surface are intact.
We subsequently addressed the question of whether cytoplasmic signaling cascades were maintained in RA HPC. The STAT family of proteins, specifically STAT3 and STAT5, are important mediators of IL-3 and IL-6 receptor signals [19, 34] . Activation induced pSTAT3 and STAT5 are fully preserved in RA, making the association between these pathways and the HPC proliferative defects unlikely. Interestingly, baseline phosphorylation levels of STAT3 are higher in RA HPC. Constitutive activation of STAT3 may reflect the action of the cytokine milieu in the patient, especially the chronic presence of elevated levels of IL-6. IL-6 mediated gp130 signaling has been linked to defects in hematopoietic differentiation ability of bone marrow precursors [35] .
Reduced levels of the critical cell cycle regulator c-myc, in a gene expression microarray that compared spontaneous gene expression profiles in RA and control HPC, provided a clue that the ERK signaling pathway was reduced in efficiency. Myc induces the expression of Cyclin D2 and D3 and promotes the growth of HPC, in contrast downregulation of the level of D cyclins contributes to G1 arrest in HPC [36] . The generic MAPK signaling pathway is shared by four different cascades (ERK1/2, JNK1/2/3, p38-MAPK and ERK5) with growth factors being the major regulators of the ERK1/2 cascade [37] . The ERK pathway involves the sequential phosphorylation of Raf, MAPK/ERK kinase (MEK) and ERK leading to the modulation of cell cycle progression, proliferation, cytokinesis, transcription, differentiation, senescence, cell death, migration, GAP junction formation, actin and microtubule networks, neurite extension and cell adhesion [38] . ERK is spontaneously active in over 50% of acute myeloid leukemias and acute lymphocytic leukemias, and its pharmacological blockade impairs leukemic cell proliferation and clonogenic growth [39, 40] . The induction of D-type cyclins and the stabilization/induction of c-Myc are two key mechanisms involved in ERK1/2 pathway regulation of G1-phase progression. The isolated Raf/MEK/ERK signal transduction cascade is sufficient to induce the expression of the c-Myc gene, and the inhibition of the MEK/ERK signaling pathway leads to downregulation of c-Myc expression and reduced cell proliferation. In RA-HPC, baseline and postactivation levels of pERK, as well as the transcript expression of pERK regulated genes (c-Myc, Cyclin D2 and D3), are reduced. The defect in MAPK activation in RA HPC was further supported by the upregulation of ERK dependent antiproliferative genes Tob1, Ddit3 and JunD in RA CD34 microarrays (data not shown), genes known to be downregulated upon activation of ERK1/2 [41] .
To understand the ERK1/2 pathway defect, proximal events were evaluated. Ras proteins are signal-switch molecules that modulate cell fates by cycling between inactive GDP-bound and active GTP-bound conformations. Once activated, Ras interacts with the Raf/MEK/ERK pathway. Data presented here shows that in RA, CD34 + cells activation-induced K-Ras/B-Raf colocalization is impaired, supporting the concept of a proximal defect in the ERK pathway.
In the patient cohort examined here, African American patients represented the majority, raising the question whether the observed abnormalities in the ERK signaling pathway are transferrable to other patient populations. In preliminary studies we have tested Caucasian patients with autoantibody positive RA and have confirmed the blunted accumulation of pERK when CD34 + cells were stimulated with hematopoietic growth factors (data not shown).
The defective ERK phosphorylation only involves CD34 + HPC since effector cells in RA (CD4 and CD8 T-cell subsets) are characterized by a spontaneous activation of the ERK signaling pathway and enhanced responses after CD3/CD28 cross-linking [42] . Thus, dampening of the ERK pathway in HPC is a cell-type specific effect, likely a result of microenvironmental stresses or exposure to inflammatory stimuli. Among the inflammatory cytokines, TNF-α has been considered to have a central pathogenic role in RA. A recent study by Bluml et al. came to the conclusion that the net effect of TNF-α on hematopoietic cells is actually anti-inflammatory [43] . Addition of anti-TNF antibodies to cultures of CD34 cells undergoing expansion did not affect proliferation or apoptosis (data not shown). The possibility remains that other proinflammatory cytokines alter HPC function. In a previous study [3] , decreased frequencies of CD34 + cells in RA did not correlate to disease activity, disease duration and treatment. Taken together, these data suggest that HPC in RA patients have defects that are not simply an epiphenomenon of inflammation.
Other signaling pathways have been involved in the premature senescence phenotype of RA immune cells. Specifically, chronic activation of the JNK signaling pathway has been associated with chronic cellular stress evoked by DNA breakage and insufficient repair of DNA double strand breaks [44] . In RA T cells, chronic activity of the DNA repair machinery appears to be the upstream event sustaining cellular stress responses and setting the threshold for apoptosis [44, 45] . The defect in maintaining genomic stability and the functional integrity of immune cells also extends to impaired telomeric maintenance [29] . Remarkably, all these molecular defects affect naïve CD4 T cells, reiterating that RA patients have molecular abnormalities that are clearly distant from the memory immune responses underlying chronic synovitis.
An unanswered question is whether the abnormalities reported here as well as the previously reported telomeric structural defects in RA HPC are a consequence of the chronic disease process. Long-lasting exposure of cells in the bone marrow to chronically elevated levels of cytokines may well have an impact on the turn-over of such cells. Changes in cellular demand and excessive attrition of end-differentiated cells of the immune system could also have indirect effects on hematopoiesis.
In summary, RA HPC have a defect in the assembly of the proximal components responsible for the activation of ERK; are not efficient in activating ERK following hematopoietininduced stimulation; and express decreased cell-cycle related ERK-targeted genes. Our findings in RA patients are consistent with a model that multiple cell types of the immune system have a signature of premature aging. Whether and how HPC aging is connected to the prematurity in the aging process of lymphocyte precursors remain to be elucidated. Also, it would be informative to know whether HPC abnormalities occur in other inflammatory conditions and what their precise relationship is to the inflammatory milieu. Dampening of the ERK signaling pathways and insufficient production of c-myc may have profound consequences for the regenerative capacity of the hematopoietic system. A better understanding of the membrane-close events that reduce the efficiency of hematopoietic growth factors in driving expansion of RA HPC could hold valuable information in how this cell population can be protected. Similarly, it may be informative to understand how current therapeutic interventions affect HPC signaling and function. Finally, the CD34 population may include cell types that are relevant for other aspects of the rheumatoid disease process, such as endothelial precursor cells. Pinning down the precise molecular events that disrupt the ERK signaling cascade at the level of membrane-proximal steps could have far reaching implications for the understanding of RA.
Supplementary materials related to this article can be found online at doi:10.1016/j.clim.2012.01.007.
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